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Abstract 
We develop a new approach for modeling titanium carbide derived-carbon (TiC-CDC) systems with 
residual titanium by the generation of modified atomistic structures based on a silicon carbide 
derived-carbon (SiC-CDC) model and the application of weighted combinations of these structures. 
In our approach, the original SiC-CDC structure is modified by (i) removing carbon, (ii) adding 
carbon and (iii) adding titanium. The new atomic scale carbide-derived carbon (CDC) structures are 
investigated using classical molecular dynamics simulations, and their pure CO2 adsorption 
isotherms are calculated using grand canonical Monte Carlo simulations. The system of TiC-CDC 
with residual titanium is modeled as weighted combinations of pure carbon CDC structures, CDC 
structures with titanium and a TiC crystalline structure. Our modeling is able to produce both 
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structural properties and adsorption isotherms in accordance with experimental data. The fraction of 
different models in the systems successfully reflects the structural differences in various 
experimental TiC-CDC samples. The modeling also suggests that in partially etched TiC-CDC 
systems, the titanium that may be accessible to CO2 gas at the transitional interface may provide 
significant interaction sites for CO2 and may lead to more efficient overall gas adsorption. 
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1. Introduction 
Carbide-derived carbons (CDCs) form a family of porous carbon materials derived from carbide 
precursors that are transformed into pure carbon via physical or chemical processes. They range from 
extremely disordered to highly ordered structures. The carbon structure that results from removal of 
the metal or metalloid atoms from the carbide depends on the synthesis method, applied temperature, 
pressure, and choice of carbide precursors.[1] Most studies of CDCs to date focused on fully etched 
samples for tribological coatings,[2] gas storage,[3] catalyst supports[4] and electrical energy 
applications.[5] Fully etched CDCs were also investigated for gas adsorption applications[6,7].  
Metal impregnated carbons were widely investigated for gas adsorption, and the results indicated 
that the presence of metal sites in these carbons resulted in stronger adsorbate-adsorbent 
interactions.[8,9] Examples of this observation include the study of hydrogen storage in carbon-based 
nanostructures with transition-metals[10,11] and in graphene with adsorbed metal atoms.[12,13] An 
incomplete etching of carbide precursors in experiments leads to CDCs with residual metal within 
the material that may provide potentially strong interaction sites. Iron carbide derived-carbon with 
residual iron nanoparticles has been experimentally investigated[14] and these nanoparticles were 
found to interact strongly with adsorbed ammonia[15]. However, it is still unclear where the residual 
metal resides within most CDC structures and how they interact with adsorbed gases. A focused 
investigation of the effect of CDC structures with residual metal is thus warranted.  
In parallel with experimental studies, atomistic modeling and theoretical characterization of 
porous structures have undergone recent significant advances. Theoretical investigations were able to 
provide vital insights into the topology and morphology of carbon structures at microscopic scales 
that are usually unavailable directly from experiments.[16] Atomistic simulation methods are powerful 
tools in investigating the structural and thermodynamic properties of porous materials. These 
methods are capable of generating morphologically realistic models for partially crystalline and 
amorphous carbons and can be used to study their microporous structures. Building atomistic models 
of porous carbons such as CDCs is complex, but attempts have been made to model fully etched 
CDCs using hybrid reverse Monte Carlo (HRMC)[16] and quenched molecular dynamics (QMD)[17]. 
These models are able to capture structural properties of CDCs with no residual metal. However, to 
our knowledge no previous studies report the modeling of CDCs with residual metal due to the 
complexity of these systems. In this paper we report a new approach for modeling CDCs with 
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residual metal, with a focus on TiC-derived carbons (TiC-CDC) with residual titanium. 
An experimental investigation of TiC-CDC was carried out by Dutzer et al.[18]. In these 
experiments, TiC-CDC samples with different residual titanium loadings were prepared by 
chlorination of titanium carbide using three types of reactors, a horizontal-bed reactor, a packed-bed 
reactor, and a fluidized-bed reactor, characterized by the way which the chlorine gas contacted the 
carbide precursor. In each case, the amount of residual titanium was controlled by varying the 
etching time, and the pore volumes and surface areas of resulting samples were analyzed. 
Comparisons with the results from these experiments are used below to validate and interpret our 
models of TiC-CDCs. 
In this study, a SiC-CDC model generated by HRMC[16] was used as the original structural model. 
For the modeling of TiC-CDC structures, we modified this original model and generated new 
structures in three ways: (i) removing certain carbon atoms from the original structure, (ii) adding 
extra carbons to the original structure, and (iii) adding Ti atoms or small Ti clusters to the original 
structure. All these structures were relaxed using classical molecular dynamics (MD) simulations; 
dangling bonds associated with carbon atoms in the structures were removed during MD simulations. 
A newly developed Ti-C charge optimized many-body (COMB3) potential was used to obtain the 
atomic forces in all the MD simulations.[19] This potential has been shown to accurately describe the 
interactions between Ti and graphene*. It also reproduced polarization and changes in the charge 
carried by the atoms as their bonding environment changes.[19] 
The resulting structures obtained from the MD simulations were used as the candidate structural 
models for further study. In particular, structural information such as accessible surface areas, total 
pore volumes and residual metal loadings of these structures was determined. Grand Canonical 
Monte Carlo (GCMC) simulations were then applied to generate the CO2 adsorption isotherms of 
these structures. By fitting calculated and experimental structural properties, a weighted combination 
approach was applied to structural properties and adsorption isotherms of candidate models to 
effectively model CDCs with various residual titanium loadings. Using this approach, adsorption 
behaviors were predicted from our structures and compared to corresponding experimental 
adsorption isotherms. Those combinations, which produced both structural properties and adsorption 
isotherms in agreement with experimental results, provide important insights into the way in which 
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residual titanium within the CDCs influences structural composition and gas adsorption. 
2. Experimental Method 
The full details for the design of experimental reactors can be found elsewhere[18]. The 
experimental carbon dioxide (Airgas, Bone Dry Grade) isotherms used in this work were measured 
using a lab-built volumetric system. Approximately 30 mg of sample were outgassed under dynamic 
vacuum at 150°C for approximately 16 h. Adsorption isotherms were measured at 25°C for pressures 
ranging from 0 to approximately 5.0 bar. CO2 adsorption loadings were determined by measuring 
and converting the pressure drop in the sample cell to moles using the Peng-Robinson equation of 
state. 
 
3. Computational Details 
3.1 Classical Molecular Dynamics Simulations 
As discussed in Section 1, classical MD simulations were employed to investigate atomistic 
models in this work. All MD simulations were carried out using the Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS), an open source MD code made available by Sandia 
National Laboratory.[20] The structures modeled in these simulations consisted of TiC, pure carbon 
CDCs, and CDCs with residual titanium, containing 2000-4000 atoms each. A newly developed 
COMB3 potential for Ti-C systems [19] was used to determine the energies and forces on the atoms in 
the MD simulations. The COMB3 potential is”y a variable charge, reactive interatomic empirical 
potential where the total energy of the system is expressed as a sum of electrostatic energy (Ues), 
charge dependent short-range interactions (Ushort), van der Waals interactions (UvdW), and correction 
terms (Ucorr) as shown in Eq. (1). Here {q} and {r} refer to the charge and coordinates of the atoms 
in the system, respectively. More details of the COMB3 potential and the parameters for the Ti-C 
system can be found elsewhere.[19,21] 
	, 	 = 	, 	 + 	, 	 + 	 + 	       (1) 
The COMB3 potential is able to capture carbon-titanium interactions in bulk TiC and where Ti 
atoms and clusters are interacting with sp2- and sp3-hybridized carbon structures.[19] This potential 
has also been shown to accurately describe the interactions between Ti and graphene*. Importantly, 
the potential is able to reproduce polarization and changes in the charge carried by the atoms as their 
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bonding environment changes. [19]
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3.2 Modified Structures of CDC Systems 
All the structures considered in this work were built from a CDC atomistic model generated by 
HRMC simulations for SiC-derived carbons, the full details of which could be found elsewhere.[16] 
This model used a 4 nm cubic supercell containing 3052 carbon atoms. This original structure was 
modified to generate three types of new structures. The first type, denoted type-1 models, were 
created by generating pores of various diameters through the removal of atoms at different locations. 
Typically 100-500 carbon atoms were removed from the original model. The second type of 
structures, denoted as type-2 models, were generated by adding clusters of carbon to the pores of the 
original model. Typically 1-12 clusters containing 50-500 new carbon atoms were added to the 
original structure. Although sp2-hybridized carbons were found to be dominant in experimental 
CDCs samples, there was still a small population of sp3-hybridized carbon. Thus several carbon 
clusters were derived from a diamond-like carbon (DLC) structure and added to the original 
SiC-CDC structural model in order to tune the overall percentage of sp3-hybridized carbons within a 
small range. The third type of structures, denoted as type-3 models, were generated by adding 
various amounts of titanium atoms or small Ti clusters to the pores of original structure. The total 
number of added titanium atoms ranged from 10 to 1500. In particular, we considered Ti7, Ti13, and 
Ti15, the sizes and shapes of which were taken from magic clusters investigated with DFT 
calculations.[22,23] In addition to these modified CDC structures, we also considered a rocksalt 
structure of crystalline TiC during our modeling since titanium carbide was the precursor used in the 
experiments and some TiC was found to remain in several experimental CDC samples [18]. This TiC 
model was built in an approximately 3.9 nm cubic supercell containing 2916 carbon and 2916 
titanium atoms, which is similar to the supercell dimensions of the original CDC models. Full details 
for generation of these models are given in supplementary materials. 
All structures were allowed to evolve in MD simulations after the manual removal of under 
coordinated carbon atoms with dangling bonds. A cutoff of 2.0 Å was used to calculate the neighbor 
list of carbon atoms, and carbon atoms without a neighbor in this size range were considered to have 
a dangling bond. A Nosé-Hoover barostat and a Langevin thermostat were applied to control the 
pressure and temperature of systems, respectively, and the pressure and temperature within the 
simulations were set to 0 Pa and 300 K, respectively. The timestep used in simulations was 0.2 fs and 
the simulations ran for 100 ps or until the energies of the systems fluctuated slightly about a constant 
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value. Accessible surface areas, pore volumes and pore size distributions of the final, relaxed 
structures were calculated using the algorithm of Sarkisov and Harrison (Poreblazer) [24]. 
 
3.3 Grand Canonical Monte Carlo Simulations 
The GCMC simulations were employed to calculate the adsorption isotherms of pure CO2 gas of 
all candidate structures. Due to the relatively large size of these structures, only a 1×1×1 unit cell 
was considered in the simulation box and periodic boundary conditions (PBC) were considered in all 
directions. At least 10 million trials were used in the GCMC simulations. Among these trials, the first 
half was used for system equilibration and the second half was used to calculate average properties. 
The temperature in all GCMC simulations was 298 K. Four types of moves with equal probability 
were included: insertion, deletion, translation and rotation of gas molecules. The charges of 
individual atoms in the CDC models were taken from the final structures of the MD simulations. In 
addition, CO2 was modeled as a linear molecule with charges on each atom, and these molecules 
were kept rigid during the GCMC simulations. All pair-wise interactions in the GCMC simulations 
were described with Lennard-Jones (LJ) dispersion and repulsion terms, and the LJ force field 
parameters and charges are provided in Table 1. Lorentz-Berthelot (LB) mixing rules were employed 
to calculate the adsorbate/adsorbate and adsorbate/adsorbent parameters. All GCMC simulations 
were carried out using the Multipurpose Simulation Code[25]
.
 
 
Table 1. LJ and charge parameters used in the GCMC simulations 
Component Site σ(nm) ε/kb(K) q(e) Angle(°) Bond length(nm) Ref. 
CO2 C 0.280 27.0 +0.7 180 0.1162 26 
 
O 0.305 79.0 -0.35 
TiC-CDC Ti 0.2830 8.555  27 
 C (sp3) 0.34 43.0 28 
 C (sp2, sp) 0.34 28.0 29 
 
4. Results 
4.1 Modified CDC Atomistic Models 
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The original CDC structure used in this work was developed for SiC-CDC systems and 
reproduced structural properties of pure carbon SiC-CDC.[16] This model was used in this work due 
to the absence of validated TiC-CDC atomic-scale models, the difficulty associated with generating 
new disordered porous carbon models, and the fact that modification of a similar structure is a 
time-efficient approach to producing TiC-CDC structures. It has been established that etching 
different carbide precursors results in CDCs with diverse pore structures, so TiC-CDC will not 
necessarily have the same structure as SiC-CDC. However, the pore structures of TiC-CDCs and 
SiC-CDCs have been found to be similar in experimentally characterized samples[30,31] and given the 
nanometer-scale size of the atomistic structural models considered in this work, the porous nature of 
TiC-CDCs should be captured using structures similar to this SiC-CDC model. The SiC-CDC model 
was therefore used as a starting point to generate additional porous carbon structural models for 
TiC-CDC materials. Specifically, the densities, total pore volumes and accessible surface areas of the 
structures were controlled by adding or removing carbon atoms. While the resulting structural 
models may not be exact reproductions of the structures of TiC-CDC, we expect that they should do 
a good job of capturing the porous character of TiC-CDC. The addition of titanium atoms and 
clusters not only affected the structural properties of CDCs in a similar manner, it also controlled the 
titanium loading of the structural models. Calculated pore volumes and surface areas of different 
models are illustrated in Fig. 1, and snapshots of representative models and clusters used in this work 
are provided in Fig. 2.  
 
 
Figure 1: Calculated accessible surface area, total pore volume and density for different types of 
(a) (b) 
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modified models.  
 
 
Figure 2: Snapshots of models and clusters used in this work. (a) The original SiC-CDC model; (b) a 
type-1 model; (c) a type-2 model; (d) a type-3 model; (e) a carbon cluster; (f) a Ti7 cluster; (g) a Ti13 
cluster; and (h) a Ti15 cluster. Carbon-carbon bonds are black, titanium atoms and titanium-titanium 
bonds are red, and carbon-titanium bonds are hidden for clarity. 
 
During the relaxation of type-3 models (CDC structures with titanium) in the MD simulations, 
the Ti atoms and clusters that were initially added to the pores of the original CDC structure moved 
through pores or to the walls of pores to form new Ti-C bonds. These new Ti-C bonds were stable 
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during the time scale of our simulations. Some Ti atoms also formed small agglomerates of pure 
titanium. In some instances, these agglomerates connected otherwise unconnected carbon walls but 
this was not predicted to change the local porous character of the CDC structures, as illustrated in Fig. 
3a. However, some of these Ti atoms or groups did dramatically alter the local structure so that the 
amount of sp2-hybridized carbon was reduced, as shown in Fig. 3b. Such titanium agglomerations in 
some instances pulled neighboring carbon atoms around them, resulting in the shrinkage of local 
structures and an overall reduction of porosity. The resulting structures were locally more similar to 
the carbide form than to a porous carbon network. 
 
 
Figure 3: Examples of local CDC structures with titanium where the addition of Ti atoms (a) did not 
alter the local CDC structure and (b) did alter the local CDC structure. Carbon atoms and 
carbon-carbon bonds are black, titanium atoms and titanium-titanium bonds are red, and 
carbon-titanium bonds are half-red/half black. 
 
4.2 Comparison of Single Structural Models and Experimental TiC-CDC Samples 
In the experiments carried out by Dutzer et al.[18], three reactor designs were considered. Chlorine 
gas contacted the TiC precursors in different ways in these reactors, resulting in differing structures 
of TiC-CDC with residual titanium. In the horizontal-bed reactor, chlorine gas flowed over the TiC 
and produced samples containing mainly two layers: completely etched TiC-CDC and unreacted TiC. 
In the packed-bed reactor, chlorine flowed through the carbide precursor and created channels. This 
resulted in uneven etching so that TiC particles along the channels were the first to become fully 
etched. In the fluidized-bed reactor, the TiC precursor particles were dispersed based on the density 
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in the chlorine gas flow. Partially etched samples from this reactor were mainly comprised of 
core-shell particles, with unreacted TiC cores and fully etched TiC-CDC shells.  
In all these reactors, titanium was removed from the system as the chlorine gas etched the TiC 
precursor until only carbon was left that formed the porous CDC. Since this etching reaction was 
rapid, the unreacted regions in samples that were untouched by the chlorine gas remained in the form 
of titanium carbide. Due to the complexity of these systems, it is reasonable to conclude that single 
atomic-scale structural models would not be able to represent the entire system of a partially etched 
TiC-CDC sample. Both type-1 and type-2 models have diverse surface areas due to the addition and 
removal of carbon, but they have no titanium in the structures. Thus they are limited to the study of 
pure carbon CDC structures. In the case of type-3 models, although they describe systems of CDCs 
with titanium, their surface areas and pore volumes do not necessarily match these properties within 
the experimental samples, especially as their porosity decreases with increasing residual titanium 
loadings. The surface areas of type-3 models and experimental samples are shown in Fig. 4 as an 
example.  
 
 
Figure 4: Comparison of surface area between type-3 structural models and experimental samples 
from the indicated reactors. 
 
Hence we assume that a system of TiC-CDC with residual titanium has mainly three regions: a 
fully etched CDC region, an unreacted TiC region, and an interfacial region between them. These 
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regions can be represented by the various atomistic structural models discussed above. In this work, 
the type-1 and type-2 models (pure carbon CDC structures without titanium) were used to model the 
fully etched regions since such regions were found to be pure carbon in experimental observation. 
The TiC model was used to represent the unreacted titanium carbide regions in the experimental 
samples. Due to the difficulty of distinguishing the transitional interface from the fully etched 
regions and unreacted regions without damage in the experiments, it was difficult to experimentally 
characterize the structures of the interfacial regions. The interfacial region connected a disordered, 
pure carbon region with a titanium carbide crystalline region, thus this region should both contain 
titanium species and be structurally disordered. Therefore, the type-3 models (CDC structures with 
titanium) were used to model the interfacial regions. Given the large length scale of experimental 
samples relative to the nanometer scale of our simulation models, the boundaries among these 
different structural models were neglected. 
 
4.3 Weighted Combinations of GCMC Results 
A weighted combination approach was applied to the structures in order to effectively model 
TiC-CDC systems with different residual titanium loadings. Although including more computational 
models may allow more precise fitting to experimental data, it also brings unnecessary complexity if 
too many structures are involved. Thus, we used the TiC model for modeling unreacted carbide 
regions. We also chose two structures from either the type-1 or the type-2 models to represent the 
fully etched regions in order to maintain structural diversity, and one type-3 model for the interfacial 
regions due to their structural similarity. Therefore, for a certain amount of residual titanium, the 
TiC-CDC system was modeled as a weighted combination of two of type-1 or type-2 models, one 
type-3 models and the TiC model. Each structural model was part of a database, and we tested every 
possible combination of these models. 
Calculated structural properties of models, including total pore volumes, accessible surface areas 
and residual metal loadings, were used to fit the weightings in each combination by comparing their 
combined values to experimental results. The combined values were calculated using Eqs. (2)-(4). 
Taking into account error and broader searches for solutions, we estimated the target surface area 
(SA) and pore volume (PV) to have a 10% error range. Each combination of models led to one set of 
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weightings from these equations. If all weightings were above zero, they were used to calculate the 
weighted combined CO2 adsorption using Eq. (5). This adsorption result was then compared to 
experimental data for the samples with corresponding structural properties to those of the 
combination of structural models.  
 
 =
∙∙∙ ∙!
!
        (2) 
 
"# =
$∙$∙$∙$ ∙!
!
        (3) 
 
%& =
'∙'∙'∙' ∙!
!
× 100%       (4) 
 
,-./01.2 =
3∙3∙3∙3 ∙!
!
       (5) 
 
In Equations (2)-(5), SA, PV and RM are the surface area (m2/g), pore volume (cc/g) and residual 
metal percentage (wt%) from experiments. w1, w2, w3 and M are the weightings (g) corresponding to 
the two type-1 or type-2 models, type-3 model and the TiC model, respectively. M is fixed as 1 
among them. S1, S2, S3 and SM are the calculated accessible surface areas (m2/g) of the corresponding 
models. P1, P2, P3 and PM are the free pore volumes (cc/g) of the corresponding models. R1, R2, R3 
and RM are the residual metal loadings (wt%) of the corresponding models. A1, A2, A3 and AM are the 
adsorption (mmol/g) of the corresponding models. 
As a result of this approach, certain combinations of models were found to be able to 
successfully produce both consistent structural properties and CO2 adsorption isotherms that matched 
experimental data well. The comparisons of adsorption isotherms, surface areas and pore volumes 
between experiments and modeling are illustrated in Fig. 5. Although three experimental reactors 
produced partially etched samples with slightly different structural properties and adsorption 
isotherms, this approach captured the overall behaviors of samples from all three reactors. The 
simulated adsorption isotherms match experimental results better at higher residual titanium loadings 
than for residual titanium below 10 wt%. These combinations of models can thus be used as 
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representative structures for TiC-CDC systems with different amounts of residual titanium.  
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Figure 5: Comparison of CO2 adsorption, surface area and pore volume between combined systems 
of models and experiments. (a) Horizontal-bed reactor; (b) Packed-bed reactor; (c) Fluidized-bed 
reactor. (c) Surface areas in the three reactors. (d) Pore volumes in the three reactors. Numbers on the 
right side in the adsorption isotherm figures indicate residual titanium loadings (wt%).  
 
(a) (b) 
(d) 
(e) 
(c) 
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Due to differences in the etching process, the partially etched samples from the three 
experimental reactors had dissimilar structures.[18] In the modeling, this diversity was reflected in the 
fractions of different types of structural models used in each combination. Since these models 
represent their own regions as discussed above, their fractions within the weighted combinations 
replicated the relative amount of their regions in the experimental systems. In particular, the fraction 
of TiC corresponded to the amount of remaining carbide precursor in the samples. The total fraction 
of type-1 and type-2 models corresponded to the amount of fully etched CDC in the sample as they 
were all pure carbon structures, and the fraction of type-3 model corresponded to the amount of 
interfacial region between fully etched and unreacted regions. These fractions in each system were 
determined after normalizing by the molar mass of the atoms in the models and the results for all 
three reactors are illustrated in Fig. 6. The weightings of models in the three reactors were distributed 
differently as the residual titanium loadings decreased in the corresponding experimental samples. 
Such differences reflect the way in which these experimental samples were etched and the resulting 
compositions of the samples from the different reactors. 
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Figure 6: Comparison of the fractions of different structural models in the samples produced by the 
three reactors. (a) Fraction of TiC model; (b) total fraction of type-1 and type-2 models; (c) fraction 
of type-3 models. 
 
Fig. 6a shows the fractions of TiC models, which represents the amount of carbide precursor in 
experimental samples. The fraction of carbide precursor in the fluidized-bed reactor dropped rapidly 
as the residual titanium loading started to decrease, whereas the horizontal-bed reactor lost carbide 
precursor slowly. For a specific residual titanium loading, the fluidized-bed reactor had the lowest 
fractions of TiC model in the system while the horizontal-bed reactor had the highest amount. These 
results are in agreement with experiments[18] that showed that TiC particles in the fluidized-bed 
(a) (b) 
(c) 
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reactor were dispersed in the chlorine gas flow so that the contact between gas and carbide precursor 
was maximized. This accelerated the etching of the precursor, and TiC was rapidly removed from the 
system. In contrast, the flow-over horizontal-bed reactor must overcome chlorine diffusion 
limitations to remove the titanium located farthest away from the gas flow, so that more TiC 
precursor remained unreacted without the contact of chlorine gas. The flow-through packed-bed 
reactor created channels to improve the contact between chlorine gas and precursor but only TiC 
located near the channels were removed without significant gas diffusion limitation; thus its fraction 
data was between the results of the other two reactors. 
The amount of fully etched regions in the samples were represented by the total fractions of 
type-1 and type-2 models as shown in Fig. 6b. In accordance with results of TiC models in Fig. 6a, 
the highly efficient etching of the TiC precursor in the fluidized-bed reactor resulted in a large 
amount of fully etched TiC-CDC most rapidly among the three reactors and the horizontal-bed 
reactor produced fully etched TiC-CDC in the slowest way due to gas diffusion limitations. 
Fig. 6c illustrates the fractions of type-3 models, which indicates the amount of interfacial 
regions between unreacted TiC and fully etched TiC-CDC in the systems. It was demonstrated in the 
experiments that the transition from unreacted TiC to fully etched TiC-CDC was rapid[18]; thus the 
amount of interface should be low in the partially etched experimental samples. Comparing the 
fractions in Figs. 6a, 7b and 7c, our models consistently predicted that the fractional amounts of 
interfacial regions were below 0.35 in all systems and either the TiC precursors or fully etched 
TiC-CDC particles were predominant in experimental samples. The fractions in the fluidized-bed 
reactor were higher than those in the other two reactors at high residual titanium loadings. This is in 
agreement with experimental results that the fluidized-bed reactor produced core-shell particles, with 
unreacted TiC cores and fully etched TiC-CDC shells, whereas the other two reactors produced 
uneven etching of particles.[18] Such core-shell structures are known to maximize the interface 
between the core and shell.[32] 
In each plot from Fig. 6, when residual titanium loading was small, corresponding to almost fully 
etched experimental samples, the three reactors have similar results for fractions of atomistic 
structural models. This finding indicates that, although the etching of samples proceeded in different 
ways in the three reactors, the fully etched TiC-CDC structures shared similar structures on a 
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nanometer scale. Ideally, the fully etched TiC-CDCs were pure carbon structures, so the fractions of 
models with titanium in the system should be near 0% residual titanium loading. In fact, under these 
loading conditions, the fractions of the TiC model in Fig. 6a were below 0.05, but the fractions of 
type-3 models in Fig. 6c were around 0.25-0.3. One possible reason for the non-negligible amount of 
type-3 models (CDCs with titanium) is that the TiC precursors were depleted first and the interfacial 
titanium became the main source of residual titanium. Thus the type-3 models, which were initially 
modeling the interfaces, now represent independent regions in the systems. As discussed above, in 
Fig. 5 the simulated adsorption isotherms match experimental data at low residual titanium loadings 
less well than at higher metal loadings. This might also indicate that this approach could be less 
accurate when metal content is low in the systems so that it overestimates the amount of interface at 
low residual titanium loadings.  
Fig. 5 shows that the CO2 adsorption decreased with increasing residual titanium loadings 
because of the decline in the surface areas and pore volumes of the structures. This reduction in the 
porosity of the structures is consistent with the fractions of weightings in Fig. 6. When the titanium 
loadings became larger, the amount of TiC-CDC decreased while the amount of TiC increased. Since 
these two regions were predominant in the system, the addition of titanium was mainly the increment 
of titanium in carbide form. As crystalline TiC is dense without inner pores and its titanium is mostly 
inaccessible to gas molecules, such addition of titanium would not improve gas adsorption.  
The experimental CO2 adsorption isotherms shown in Fig. 5 reveal overall adsorption within the 
experimental samples. These results do not reveal the contribution of each part of the sample to the 
overall adsorption loadings. The simulated adsorption isotherms indicate that the experimental 
adsorption isotherms in Fig. 5 may be deconstructed into the individual compositions to reveal the 
adsorption loadings contributed by each part of the system. As only fully etched TiC-CDC and the 
interfacial region could possibly contribute to the CO2 adsorption, the contributions of type-3 models 
(representing the interfacial region) to the adsorption isotherms at different experimental pressures 
are illustrated in Fig. 7. The CO2 gas adsorption in a partially etched TiC-CDC system is shown to be 
mainly derived from the fully etched TiC-CDC region. Although the calculated contributions of 
interfacial regions may be exaggerated due to the overestimation of the amounts of type-3 models, 
the interfacial region still contributed to the gas adsorption as a result of the existence of porosity and 
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the accessibility of titanium in its structure. For each residual metal loading, the contribution of 
interfacial region to CO2 adsorption increased as the pressures of adsorption decreased in 
experimental samples from the three reactors. This may also suggest in the partially etched TiC-CDC 
systems, titanium played more important roles for CO2 gas adsorption under low pressures. 
 
 
 
Figure 7: The contribution of type-3 models to the overall adsorption isotherms of systems at 
different pressures in the three reactors. (a) Horizontal-bed reactor; (b) Packed-bed reactor; (c) 
Fluidized-bed reactor. 
 
As a result of the small amount of interfacial region in the samples revealed by Fig. 6, these 
regions contribute a small portion to the overall adsorption loadings. However, when comparing the 
(a) (b) 
(c) 
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adsorption loadings of different types of models per unit surface area as illustrated in Fig. 8, the 
simulation results reveal that the interfacial region (type-3 models) has higher adsorption loadings 
than the fully etched region (type-1 and type-2 models) has per unit surface area. This indicates that 
the interfacial region is more efficient for the CO2 gas adsorption than the fully etched CDC region. 
The possible explanation for this may be that the titanium in the interfacial region is accessible to 
CO2 molecules so that it provides additional interacting sites for these molecules at the surface, even 
if the titanium reduces the overall surface area and the porosity of CDC material. The interfacial 
regions are thus predicted to behave in manner that is similar to metal-impregnated carbon materials 
for acid gas uptake. 
 
Figure 8: Comparison of CO2 adsorption isotherms per unit surface area among the different types of 
models used in the simulations. 
 
 
5. Conclusions 
We used a SiC-CDC atomistic structure generated by HRMC simulation as the original model of 
TiC-CDC and constructed several new structures. In particular, the original SiC-CDC model was 
modified in three ways: (i) removing C atoms, (ii) adding C atoms, and (iii) adding Ti atoms or 
clusters. These structures were then examined and relaxed using classical MD simulations with a 
newly developed Ti-C COMB3 potential. Textural properties such as accessible surface areas and 
total pore volumes were calculated for these structures, and the adsorption isotherms of pure CO2 
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were investigated using GCMC simulations.  
The predictions of the simulations were compared to experimental data of TiC-CDC with 
residual titanium that were derived from samples produced by three reactors: a flow-over 
horizontal-bed reactor, a flow-through packed-bed reactor and a fluidized-bed reactor. A weighted 
combination of atomic-scale structural models was used for modeling TiC-CDC systems with 
different residual titanium loadings. For a certain residual titanium loading in TiC-CDCs, the system 
was modeled as a weighted combination of two CDC models without titanium, one CDC model with 
titanium and a bulk TiC model. Corresponding to experimental samples, the TiC model was used to 
model unreacted TiC precursors, the pure carbon CDC models were used to model fully etched 
regions, and the CDC models with titanium atoms or clusters were proposed in this work to represent 
interfacial regions between the unreacted and fully etched regions in the systems. The pore volumes, 
surface areas and residual titanium loadings of computational models were employed to fit the 
weightings of each model in every combination of models by comparing their calculated combined 
results to corresponding experimental data. Using these weightings of models, the combined CO2 
adsorption isotherms from simulations were compared to experimental data. Certain combinations 
were able to produce both structural properties and adsorption isotherms in agreement with 
corresponding experimental results. The simulation results matched experimental data more 
accurately as the residual titanium loadings increased in the systems. Furthermore, the fractions of 
weightings of models were also found to be consistent with different samples produced by three 
experimental reactors. The low fractions of weightings for interfacial regions also indicated a rapid 
transition between fully etched TiC-CDCs and unreacted TiC precursors, which is in accordance with 
experimental results that there was no large transitional phase. However, these transitional regions 
still contribute a small portion to the CO2 adsorption of samples and such contributions were higher 
at low pressures of gas adsorption. This suggests that in partially etched TiC-CDC systems, the 
titanium that is possibly accessible by CO2 gas at the interface may provide interaction sites at low 
CO2 pressures. Due to the presence of the titanium, the interfacial regions are also found to be more 
efficient for gas adsorption than fully etched CDCs. These predictions by the simulations are difficult 
to observe directly in the experiments and the comparison of the simulations and experimental data is 
a powerful approach to extracting these insights. 
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Thus this work proposed a new approach for modeling of TiC-CDCs with residual titanium based 
on weighting the results of different models. The agreement between this approach and experimental 
results provides insights on the compositions of such CDC systems with various residual metal 
loadings. It also indicates the applicability of this approach to the study of structural modeling and 
gas adsorption in other residual metal-based porous structures. 
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